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Resumo 
Cripto-judaísmo, stricto sensu, é definido como a adesão secreta ao judaísmo enquanto 
publicamente é professada outra fé. Sendo o resultado geral da intolerância religiosa, tem sido 
mais especificamente associado com a Inquisição Ibérica, tanto na Europa como nas colónias 
portuguesas e espanholas ultramarinas. A persistência desta identidade, por mais de quatro 
séculos, é, em si, um tema fascinante de pesquisa histórica e antropológica. Esclarecer em que 
medida este fenómeno cultural poderia estar refletido no património genético dos descendentes 
de Judeus, foi o principal objetivo do presente trabalho.  
Para o efeito, foram analisados marcadores genéticos capazes de distinguir as histórias das 
linhagens paternas e maternas (cromossoma Y e mtDNA, respectivamente), assim como 
marcadores recombinantes, autossómicos e ligados ao cromossoma X. As comunidades que 
permaneceram na Península Ibérica, designadamente as do NE de Portugal, foram utilizadas 
como representantes da população ancestral, comparativamente aquelas que, após o Decreto 
de Expulsão, migraram para o Novo Mundo (Brasil) e África (São Tomé).  
Relativamente aos marcadores uniparentais, tanto as estimativas de níveis de diversidade 
como do número de efectivo populacional feminino, apontaram para um tamanho estável na 
população Judaica portuguesa, de acordo com os resultados anteriores obtidos para a 
componente masculina. Traços Sefarditas, bem como sinais de introgressão a partir da 
população não-judaica envolvente, foram também identificados. Em conformidade com os 
resultados obtidos para marcadores uniparentais, foram detectados níveis altos de diversidade 
genética no genoma recombinante. A resistência ao declínio esperado na diversidade, 
resultante de deriva genética, foi provavelmente compensada pela miscigenação com 
populações não Judias. A análise simultânea de marcadores autossómicos e heterossómicos, 
revelou uma tendência de género na história demográfica desta população, sugerindo uma 
assimetria entre os tamanhos efetivos da população feminina e masculina no processo de 
miscigenação entre judeus e não-judeus.  
Relativamente aos presumíveis descendentes de Judeus de São Tomé, a diversidade genética 
encontrada foi semelhante à anteriormente reportada para a população geral não Judaica. Foi 
detectada uma forte componente Africana, mas sem sinais de ancestralidade putativamente 
Judaicos.  
No que respeita às comunidades Judaicas Brasileiras, foram encontrados niveis de diversidade 
genética altos e um padrão demográfico assimétrico evidenciando um excesso desproporcional 
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de migrantes do sexo masculino, juntamente a uma forte introgressão da população nativa e 
população africana feminina na referida comunidade. 
 
Palavras-chave: cripto-judeus; marcadores uniparentais; genoma recombinante; comunidades 
da Diáspora. 
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Summary  
Crypto-Judaism, stricto senso, is defined as the secret adherence to Judaism while publicly 
professing another faith. A general outcome of religious intolerance, it has been more 
specifically associated with Iberian Inquisition, both in Europe and in Portuguese and Spanish 
colonies overseas. The persistence of this identity, for over four centuries, is in itself a 
fascinating historical and anthropological research topic. To clarify to what extent this cultural 
phenomenon could be reflected in the Jewish descendants `genetic portrait was the main focus 
of the present work. 
For this purpose, genetic markers able to disentangle the paternal and maternal lineages 
histories (Y chromosome and mitochondrial DNA, respectively) as well as autosomal and X-
linked non-coding markers were analyzed.  
The communities that stayed in Iberia, specifically those from the NE Portugal were used as 
proxy to the ancestral population, to those that went to exile to the New World (Brazil) and Africa 
(São Tomé) after the Expulsion Edict.  
Regarding uniparental markers, estimates of both the diversity levels and the number of female 
effective-population founders for the Portuguese Jews, pointed at a stable size of the studied 
population, in agreement with previous findings for the male counterparts. Sephardic signatures 
as well as signs of introgression from the host non-Jewish population were also identified. 
Confirming the results from lineage markers, high levels of genetic diversity at the recombining 
genome were detected. The resistance to expected diversity decline due to genetic drift was 
probably compensated by admixture with the non-Jews. The simultaneous analysis of both 
autosomal and heterosomal markers revealed a sex biased demographic history, suggesting an 
asymmetry between female and male effective population sizes in the admixture process 
between Jews and non-Jews.  
Concerning the supposed Jewish descendants from São Tomé, the genetic diversity was at the 
same level of that previously reported for the general non-Jewish population. No signs of the 
putative Jewish lineages were found, instead, high percentage of African ancestry was 
detected.   
The Diaspora Jews in Brazil showed high levels of genetic diversities and an asymmetric, 
strongly sex-biased pattern: a disproportionate excess of male migrants, along with a strong 
introgression of Native and African females. 
 
Key words: Crypto-Jews; uniparental markers; recombining genome; Diaspora communities  
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Thesis foreword 
 
The main goal of this work was to contribute, with a population genetics perspective, to the 
historical and anthropological knowledge concerning the Sephardic Jewish population.  
It is well known that a cultural cleavage between different fields of knowledge, particularly 
between humanities and natural sciences, has existed for longer than is desirable. A 
multidisciplinary methodology for the research of a specific topic supposes an integrative 
dialogue and an understanding of numerous standpoints, neither of which are always easy to 
accomplish. Nevertheless, in the present thesis, such an approach was undertaken.  
In the following, an introduction to the historical context of the Jewish population as well as to 
the basic principles of population genetics is addressed. The purpose of this contextualization is 
to call upon both sciences, and by doing so, give the necessary background from both fields of 
knowledge for a broader understanding of Jewish population history.   
The first part of this thesis (Introduction) begins with a historical summary of the Jewish 
populations, where the complexity of their demographic past and the nuances of identity which 
are owed to their troubled history are shown.  
The second part of the introduction is devoted to Population Genetics as a research tool for the 
survey and construction of population complex demographic histories. Special attention is given 
to the processes that shape the genetic pool, particularly those that act in the modulation of 
genetic diversity patterns. Recombining (autosomes and X chromosome) and non-recombining 
(Y chromosome and mitochondrial DNA) portions of the human genome are referred to in the 
context of molecular markers, that allow access to the genetic portrayal of a population.  
The results are presented as scientific papers. Population genetic data are reported for different 
genetic marker sets in order to obtain a comprehensive history of the Sephardic Jews. 
Preliminary results for the Diaspora Jewish community of Brazil are also presented.  
Finally, in the discussion section, an integrative balance of the most relevant results and 
conclusions is addressed, as well as future research directions. This includes the high diversity 
indices found, signs of sex-biased admixture with respective host populations (European for 
Portuguese Jews and Native American and African for the diaspora populations), and also the 
presence of an ancestral putative Jewish background.  
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A Population: The Jews 
Defining Jewishness  
 
Defining who is a Jew is not a straightforward task. According to the on-line version of the 
Oxford dictionary, a Jew is described as “a member of the people and cultural community 
whose traditional religion is Judaism and who trace their origins to the ancient Hebrew people of 
Israel”. What at a first glance could seem a simple definition includes in fact myriad of complex 
concepts of religion, history, ethnicity, culture, genealogy and identity. This definition assumes 
particular importance when a study is focused on Iberian Jews and the Iberian Diaspora 
communities. Several terms have been used in historical, anthropological and genetic works to 
designate the Iberian Jews or their descendants, such as Conversos, New-Christians, Anusim, 
Crypto-Jews or Marranos. Often these words are used as synonymous, since they all 
characterize those who were forcedly converted to Christianity. However, they can also 
represent dissimilar identities and attitudes towards Judaism. In a first category, the Conversos 
and New-Christians usually denote those who eventually were integrated in the general 
Christian population [1-3]. As a second category, the Anusim, Crypto-Jews and Marranos could 
be grouped, and these are the terms used for those who kept Judaizing, which means following 
the Mosaic Law (from Moses) in secret. Though, the two categories often present a rather ill-
defined boundary between them. In fact, this phenomenon is more complex than the simple 
hiding of a proscribed and persecuted identity, involving the persistence of a more popular or 
possible Judaism instead of a more formal or Rabbinical religious attendance for long periods of 
time in a fairly heterogeneous historical and geographical context. It contains elements of 
religious syncretism in its construction and at the same time, a tendency to maintain a distance 
and isolation from the surrounding Christian culture. Ultimately, this could be considered as a 
means of maintaining a group identity through the remembrance of a common origin rather than 
a theological or a strict religious practice in its essence [1-3].   
The subject Jewish communities of the present study are included in the latter category, Crypto-
Jews or Marranos; thus their Jewishness is impregnated with paradox and a duality of identity 
between Judaism and Christianity. Their struggle for survival as individuals and also as a 
collective identity for centuries bears the brands of its troubled history.    
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History of the Jewish People 
Origin 
To understand the collective memory of a people it is essential to know their history. Again the 
words Hebrews, Israelis or Jews are usually indifferently used, but probably the most embracing 
term would be “Jews” (from Judah) although all others also have a justification. Like any ancient 
people, tracing the Jews´ origin and evolution is rather complex. Frequently it is difficult to define 
the diffuse boundary between the real facts from those who belong to the field of uncertainty 
and myth [4]. The story of the ancient Hebrews is based on the Pentateuch, an anthology that 
includes five books which the Jews call the Torah, meaning the Law [5].  
According to the first book, the Genesis, the Hebrews are a Semitic people descended from 
Abraham of Canaan. Abraham is the first of the “Three Patriarchs”. His son Isaac, the second 
patriarch, had two sons, Esau and Jacob. Jacob is the last patriarch and his twelve sons gave 
rise to the twelve tribes of Israel: Judah, Levi, Asher, Benjamin, Dan, Gad, Issachar, Joseph, 
Naphtali, Reuben, Zebulon and Simeon [4, 5]. Jacob was also called Israel, and his sons, “sons 
of Israel” or Israelis [5]. This is known as the Patriarchal Age, which probably occurred between 
the 20th to the 16th centuries BCE [4].  
Archaeological evidence actually points to the emergence of the Kingdom of Israel in the early 
Bronze Age, associated with the Canaanite culture, supported by technological, linguistic and 
ethnological characteristics [6]. Information from the Nuzi texts, Mari and Alalakh documents, 
Egyptian Execration tablets and the Amarna letters have been used to support the idea of the 
Patriarchs as historical figures who migrated with semi-nomadic people from Mesopotamia to 
Canaan [7]. Before the Patriarchal Age, the Israelis were known as Hebrews, according to the 
Jewish encyclopedia, from the name “Eber” an ancestor of Abraham, but the name could also 
refer to those from “the province beyond" the Euphrates. A more recent and controversial 
justification links the Hebrews to the Habiru people, a semi-nomadic group described as rebels, 
outlaws, bowmen, servants, slaves or migrant laborers [7]. 
Some of the Israelite tribes settled in Egypt between the 16th - 13th centuries BCE. The period of 
the monarchy begins with Saul (1029-1007 BCE) from the tribe of Benjamin, but it was the king 
David (1007-970 BCE) who unified the twelve tribes and conquered Jerusalem. For the 
following 1200 years, the land of Israel witnessed the successive territorial domain of the 
Assyrians, Persians, Greco-Macedonian and the Roman Empire [4]. From the initial ethnic unity 
very little survived from these twelve centuries of constant deportations, migrations, conquests, 
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annexations and territorial losses [8]. This tribal disintegration did not affect, however, the 
religion, the tradition, the language and the reference to a Jewish origin [8]. Thus, the current 
Jews can be divided into four major groups depending on the geographical region of the globe 
they settled in: the Ashkenazim, Jews from France, Germany and Eastern Europe; Sephardim, 
from the Iberian Peninsula and North Africa; Mizrakhim or Oriental Jews from the Middle East 
and the Falasha group from Ethiopia [6].       
  
Iberian/Portuguese Jews 
 
Jewish diaspora towards Iberia certainly occurred a long time ago, although the exact date of 
their arrival is still today unsettled. According to the Torah, their genealogy traces back to the 
people who fled from Judea after Nabucodonosor’s conquest of Jerusalem, in 587 BCE [9-11]. 
Christian and Jewish humanists from the Renaissance were both interested in unraveling their 
origins: some argued that Jews first arrived in the Iberian Peninsula along with the diaspora of 
The Ten Lost Tribes of Samaria, in 722 BCE [11, 12] while others claimed that the Israeli arrived 
with the Tarshish’s ships constructed by King Solomon around 900 BCE [11] or with the 
Phoenicians, in 1200 BCE, although this date is not archeologically documented [11, 13].  
The oldest archaeological evidence of Jewish presence in Iberia known so far was recently 
found in the south of Portugal (Silves) and has a chronology of 390 CE (http://www.uni-
jena.de/en/News/PM120525_Schrifttafel.html). 
Written documents mentioning Jews in Iberia accumulate from the beginning of the Visigoth 
period onwards: in the 4th century CE, the decisions from the Council of Elvira, particularly the 
interdiction of marriages between Jews and Christians, confirm their complete integration 
among Iberian communities, except for the religious cult [11, 12]. These are in fact the first 
documents relating restrictive measures towards the Jews, and centuries later, they would be 
reproduced in the canonic laws that structured the Inquisition [14].  
The relative relief from ecclesiastical pressure brought by the Visigoths’ invasion was brief: first 
with the catholic conversion of King Recaredo in 587 CE, followed by the decree of King 
Sisebuto in 613 CE, imposing the expulsion of all Iberian Jews who would not embrace the 
Christian faith [11, 12]. This episode marks the beginning of Crypto-Judaism and was a 
harbinger of their subsequent dramatic history in the Iberian Peninsula [11, 12].  
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The Islamic invasion in 711 caused a division between supporters and opponents of the 
Muslims among the Judaic community. Indeed, if it seems certain that no Jewish-Muslim 
alliance occurred before the invasion, the same did not happen after Tarik’s troops crossed 
Gibraltar Strait, and the Jews, once pariahs, had then the opportunity to administer several 
important regions of the Iberian Peninsula [11].  
Over the 11th and 12th centuries, a strong influence of Islamic culture was evident in the Iberian 
Peninsula, particularly in philosophy, geography, astronomy, mathematics and medicine, 
providing a cultural blossoming often qualified as the golden age of the Sephardic Jews [14].  
From the 12th to the end of the 13th century, the geography of Judaism changed significantly 
with the Christian settlement policies, to which the first Jewish medieval colonies owe their 
existence [11]. From the beginning of the Portuguese nation in 1143, till the Expulsion Edit in 
1496, the successive Portuguese monarchs would balance the anti-Judaic clerical and popular 
pressures and the predominance of the Jewish social and economic life [12]. Still, there was a 
climate of relative tolerance in the coexistence between Jews and Christians, favoring the 
emergence of numerous Jewish communes [14, 15].  
If there were favorable measures towards the Jewish population such as free religious practice, 
the construction of synagogues, the exemption from certain taxes, the permission to occupy 
public roles as well as live among the Christians or in the Judiaria (Jewish quarters), several 
opposite restrictive policies were also adopted. Some of these measures included the duty to 
wear distinctive vesture marks, the imposition to live separately from the Christian 
neighborhoods, the restriction in access to public posts or the payment of various taxes [9, 12, 
14, 15].  
The 14th century marked a dramatic change in this fragile equilibrium, which nevertheless had 
allowed the emergence of Jewish communes in the country. The estimates of the size of the 
Jewish population vary between 30,000 to more than 60,000. This number would soon increase 
substantially with the arrival of around 100,000 Spanish Jews fleeing from their country [12, 13, 
16].  
During the second half of the 14th century, anti-Judaic intolerance was steadily increasing in the 
neighboring country (Spain), which culminated in the massacres of 1391. In 1478 the Inquisition 
was established, followed by the Edit of Expulsion by the Catholic Kings. These events would 
have a strong impact on the future of the Portuguese Jews [12, 14, 17]. The initial tolerance 
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towards the Spanish exiles and the Portuguese Jews was, however, doomed. The marriage of 
the Portuguese King Manuel I to the daughter of the Catholic Kings had severe political 
implications [12, 14, 17]. Thus, in December of 1496 the King signed the Portuguese Edict of 
Expulsion, ordering the departure of Moors and Jews by October of the following year [14, 17]. 
However, in May of 1497, about 20,000 Jews from all over the country, preparing to exile, were 
forcedly baptized. As a result, officially, there were no more Jews in Portugal, instead, a new 
identity was created: the new-Christians or Conversos [12]. This ambiguous policy highlights the 
socioeconomic importance of the Jews. King Manuel I prohibited inquiries into the Jewish faith 
for 20 years, consenting to an accepted crypto-Judaism [12, 14].   
The Papal Bull establishing the Inquisition in Portugal was issued in 1536 under the reign of 
King João III. In the 17th and18th centuries, the inquisitorial processes intensified and as a result, 
there was a significant exodus to other countries, particularly of manufacturers and the 
merchant elite [9]. A total of 24,522 Jews (including Penitents, Relaxed in Flesh and Relaxed in 
Effigy) would suffer the unspeakable terror of this Court [12].  
By the end of the 15th century there were about 134 Jewish quarters, communes or 
communities throughout the country, with an estimated population of 100,000 people, which 
translates into 10% of all the Portuguese population at that time. The exact number of people 
who emigrated is not known, however it is thought that by 1631 the Jewish population was 
reduced to approximately 10,000 [16].  
The rebirth of the Jewish communities in Portugal took place in early 19th century, when the 
Marquis de Pombal ended the official discrimination and persecution performed by the 
Inquisition [12, 16]. The Israeli community of Lisbon was founded by Sephardic Jews from North 
Africa [12, 14], and in the 20th century, the communities of Porto, Bragança, Belmonte, Faro and 
the Azores emerged [9, 12-14, 17]. 
In particular, the communities of Bragança and Belmonte arose thanks to the work of Samuel 
Schwarz and Captain Barros Basto, with a movement in the early 20th century which aimed to 
bring back the crypto-Jews to normative Judaism. While in Belmonte the community is still 
dynamic today, the Bragança community was dissolved in 1934, shortly after its appearance, 
and its population dispersed in the region. A strong sense of belonging among those Jewish 
descendants is still well alive today and the complexity of their Marrano identity is well pictured 
in a medallion from Carção (NE Portugal) dated probably from the 17th century, (Figure 1) 
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where in one face a menorah, the most widespread Judaism symbol is represented and on the 
other face, the Agnus Dei, symbol of Christianity.  
 .  
 
 
 
 
 
 
 
 
 
 
Figure 1. Double face medallion with a Menorah and Agnus Dei, the Lamb of God 
Adapted from Tavares (2015) [18]   
 
The Iberian Diaspora 
 
Jewish people are a paradigm of constant geographical mobility over an enormous time span  
throughout human history and so the stereotype of the “wandering Jew” or the “wandering 
people” has indeed some substantiation [4, 19]. As a minority, Jewish populations were 
exposed to legal, socioeconomic, political and cultural constraints and while these influences 
were present across Jewish communities worldwide, it is also true that significant local 
differences created unique motivations or constraints to stay or move, often translated in 
expulsions or deportations along the Jewish history [19].  
The major diaspora of Marrano and Crypto-Jews actually begins in the 15th and extends until 
the 18th century when the legislation of Marquis of Pombal put an end to the official 
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discrimination and persecution of the Inquisition [12, 16]. Initially, they settled in Amsterdam, 
London, Hamburg, Turkey, some French and Italian cities, and north Africa; from the mid-
sixteenth century, they migrated to the Portuguese colonies in Africa, India and Brazil, and later 
from the cities of northern Europe to the New World, Curacao, Paramaribo, and the USA, where 
Jewish colonies founded synagogues with the Portuguese rite [12, 14, 16].  
 
Jewish Diaspora in São Tomé e Príncipe 
 
São Tomé e Príncipe are the two main islands of a small archipelago located in the Gulf of 
Guinea, of the western equatorial coast of Africa. These islands were probably uninhabited at 
the time of the Portuguese discovery in 1471, but soon after that the first settlements took place, 
in 1486 by João de Paiva. It is documented that he took with him many settlers, the great 
majority of them Jews. One of the most controversial episodes of this colonization is the forced 
migration of Jewish children in 1492 [20]. The information about this occurrence is scarce and 
diverges between Jewish and Christian historians from that time, although the reason seems to 
be unanimous: clandestine Jewish refugees from the Spanish expulsion or those that were 
allowed to stay in Portugal for a period of 8 months and could not manage to leave the country 
before the stipulated dates and therefore were forced into slavery.  Around 2000 young children 
and teenagers were taken from their families, forcedly baptized [21] and sent to the archipelago 
so they could be away from the Jewish faith, grow up with a Christian education and contribute 
to the population of the new territory, one of the main aims of the Portuguese king Joao III [20]. 
Several documents confirm that many of these children survived and along with other settlers, 
mainly of African origin, started the process of miscegenation [22]. After the decree of expulsion 
in Portugal, many new-Christians also fled to São Tomé e Príncipe, since the Inquisition was 
never established there [12, 20].  
Over more than a century several documents attest to the continuous movement of new-
Christians to São Tomé, which worked as a refuge from the inquisitional prosecutions. With the 
flourish of the intercontinental commercial trade by New Christians, São Tomé became an 
import path for those who fled from Iberia to South America [1]. Despite the documents above 
mentioned, the information available on the impact or number of Jewish people that really went 
(and when) to São Tomé is scarce. 
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Jewish Diaspora in Brazil 
 
The Portuguese colonization of Brazil was essentially agricultural. Many New-Christians that 
migrated or fled from the Inquisition to Brazil also became landowners and probably due to their 
higher level of skills, compared to other migrants, and regardless of several restrictive 
measures, some of them occupied political and military posts. In 1502, just two years after the 
arrival of Pedro Alvares Cabral, the first contract of exploration of the Brazilian redwood was 
attributed to a New-Christian [16]. Brazilian redwood was the first commercial product brought to 
the European markets through the Jewish merchant network spread throughout Spain, France 
and the Netherlands. In the mid-16th century, a well establish Jewish transatlantic diaspora 
begin to emerge as a result of the strong trade connections. At this time sugar cane started to 
be cultivated in São Tomé, and from Africa, shortly after, also in Brazil. This attracted many 
Jewish migrants to the New World that concentrated their activities in the international trade not 
only of sugar and wood but also due to the great expansion of the plantations, to the slavery 
trade [1, 16]. In the first 100 years of colonization, the New-Christians reconquered the liberty 
lost in Iberia and particularly in the northeast of Brazil, the Jewish population increased to 14% 
of the total population  [1, 16]. Brazilian New-Christians presented some interesting features that 
distinguish them clearly from the New-Christians who migrated to the countries of northern 
Europe or the Levant: the extensive admixture with the native population, creating deep roots in 
the new land and a full integration among the social and political organization [23, 24]. 
In the first quarter of the 17th century, the Portuguese Jews of Amsterdam created an extended 
merchant network that connected them with Portugal and Spain through their Marrano local 
centres, to the New world. If the war between Spain and Holland damaged the Sephardic 
commerce, the occupation of Recife by the Dutch West India Company gave it a new impetus 
and the first Jewish colony in South America, and also a congregation, (Tzur Israel), was 
established in 1638. In this period of prosperity, the Jewish population came to be one-third to 
half the total European civil population [23]. In the year of 1654 the Portuguese reconquered the 
Northeast and expelled the Dutch and as a consequence, the previous climate of tolerance 
ended abruptly and many Jews returned to Amsterdam or started new colonies in North 
America such as that of New Amsterdam (New York) [1, 16]. 
While in Brazil an Inquisition court comparable to the ones structured in Portugal (namely 
Lisbon, Coimbra and Évora) was never established, this territory was subordinate to the Court 
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of Lisbon. Jesuits were in Brazil the main agents of the Portuguese Inquisition. In the College of 
the “Companhia de Jesus” an Inquisitorial bureau was installed to execute the orders and 
accusations of the Inquisitors [23]. Between the 17th to the second half of the 18th centuries, 
2169 people were suspected or sentenced for Judaizing by the Inquisition visitors [16]. 
Similarly to what happened in Portugal with the systematic persecutions and religious 
intolerance, also in Brazil the phenomenon of Crypto-Judaism emerged as a process to 
preserve a religious, ethnic and cultural identity. Believed to have vanished in the 16th – 17th 
centuries, Crypto-Judaism has arisen in the 20th-21st centuries, particularly in the Northeast 
Brazil, where some are claiming an unconditional return to Judaism because of the awareness 
of their Jewish or Marrano origin [24, 25].    
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Populations Genetics and Genetic Diversity  
 
The fundamental aims of Population genetics are the comprehension of the evolutionary 
processes underlying the variability at a molecular level, between and among species` gene 
pools, which ultimately can elucidate their history, origin, phylogenetic relations, levels of 
genetic diversity and susceptibility to disease.  
The development of Population Genetics can be traced back to the first decades of the 20th 
century, with the works of Ronald Fisher (1890–1962), JBS Haldane (1892–1964), and Sewall 
Wright (1889–1988), when Darwin´s ideas, particularly on natural selection, were combined with 
Mendelian genetics [26, 27]. They established the theoretical, mathematical foundations for 
what is now known as the modern Synthetic Evolutionary Theory, providing the formal 
keystones for natural selection measurements and also the statistical methods for assessing the 
effects of stochastic processes [28].   
Because Mendel’s genetic Principles of Inheritance were not known by Darwin, the initial 
Evolution Theory based on natural selection lacked specific mechanisms to explain the 
appearance of new variants [28]. The ability to understand this molecular genetic variation 
evolved in parallel with successive technological and scientific achievements, particularly in the 
second half of the 20th century: from Watson and Crick´s breaking of the genetic code and 
Smithies` development of starch-gel electrophoresis in the 1950s; the survey of human genetic 
diversity by Lewontin, M.Nei, Kimura and Crow in the 1960/70s and DNA sequencing methods 
described in the 1970s; the Development of Polymerase Chain Reaction (PCR) methods in the 
1980s and the draft of human genome sequence in 2001, among many other accomplishments 
that could be referred to [29, 30].  
At the end of the 1960s, Kimura [31, 32], and King and Jukes [33] questioned some of the 
assumptions of the Synthetic Theory of Evolution when analyzing amino acid substitution rates 
and allozyme polymorphisms and claimed that their genetic load would be too great if explained 
by selection alone. These findings culminated with the construction of the Neutral Theory of 
Evolution based on the premise that almost all mutations are selectively neutral and the majority 
of molecular variations result from genetic drift rather than natural selection [26, 28]. Since then, 
although surrounded by controversy from its appearance, the Neutral Theory has been widely 
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accepted in explaining molecular and genomic evolution [34, 35] but the debate on the role of 
natural selection still goes on today [36].   
Michael Lynch [30], stated that “Nothing in evolution makes sense except in the light of 
population genetics”, showing the relevance of population genetics in the theoretical foundations 
for the comprehension of the evolutionary mechanisms. Evolution is the result of four different 
forces and Darwin proposed one of them, natural selection. The remaining mechanisms are 
considered nonadaptive, since they don´t rely on fitness properties.  
Mutation and recombination are the key sources of variation, while genetic drift and gene flow 
change gene frequencies upon which selection will act [29, 30]. Population genetics pays 
special attention to the analysis of variation or maintenance of gene frequencies over 
generations and the processes behind those changes. A major contribution for this assessment 
is the Hardy–Weinberg Theorem that states that under particular conditions (absence of 
evolutionary forces and an infinite randomly sexually mating population), allelic and genotypic 
proportions of a population will stay in equilibrium over successive generations, allowing the 
estimation of allele and genotype frequencies from one generation to the next [29, 37]. Because 
of the imposed conditions, several factors can affect this equilibrium, such as the “effective 
population size”, meaning the breeding effective population, which is a fraction of the total 
population census, as generations do overlap. Fluctuations on the effective population size can 
impact the genetic diversity of a population through the processes of bottlenecks (a significant 
reduction of a previously large population with a consequent loss of diversity) and also through 
founder effects (a separation/migration of a subset of the total genetic diversity from an 
ancestral source population).  
A real population is never “infinite” and large natural populations do not exhibit random mating. 
Instead, they might show inbreeding patterns (mating between people who are genetically 
related) or present positive or negative assortative mating (when mating pairs are more 
phenotypically similar or dissimilar respectively, than would be expected by random mating)  
[29, 37]. Inbreeding can increase the frequency of homozygotes and decrease the frequency of 
heterozygotes, but it does not directly change the allele frequencies, therefore it is not 
considered an evolutionary force [27]. 
The absence of equilibrium in a population can suggest the influence of the evolutionary forces 
referred to above. If a change in the allele frequencies is observed it represents the outcome of 
micro-evolutionary mechanisms. Mutation and recombination, as referred to before, are the two 
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main forces for the generation of genetic diversity. With recombination occurring through 
meiosis, the offspring can present new allelic combinations or haplotypes from those presented 
in the parental gene pool, thus increasing haplotype diversities. This process can be assessed 
by the study of whether a particular allele at different loci is associated with another allele, more 
or less often than would be expected by chance. This nonrandom association, Linkage 
Disequilibrium (LD), can indicate the action of evolutionary forces and contribute to the 
understanding of past evolutionary and demographic events, map genes associated with 
quantitative characters and inherited diseases, as well as comprehend the evolution of linked 
sets of genes [27, 38]. 
Mutation consists on the production of new alleles in the structure of chromosomes by random 
changes, since usually they do not follow any adaptive need of the organism. These changes 
can include point mutations, such as a single change of base pairs comprising transitions and 
transversions; insertions and deletions (INDELs) of one or more nucleotides in de DNA 
sequence; and changes that affect large portions of entire chromosomes, such as inversions 
and translocations. Mutations can happen at different sites along the genome and at a wide 
range of different rates. Mutations do modify allele frequencies since the ancestral state is 
chemically modified and tends to increase genetic diversity within and between populations. [27, 
28, 37, 39]. Mutation alone might not produce major changes in allele frequencies; it requires 
other evolutionary forces to act upon the newly arising variants to increase or decrease its 
frequency in a gene pool [27, 39].   
Gene flow, also known as admixture or migration, reflects the interbreeding between individuals 
from different populations. It can be “one-way” when a subset of a population admixes 
exclusively with another or “two-way” when the exchange of genes is made between two or 
more groups of people. Gene flow can affect variation both within and between populations 
since it can introduce new alleles into a population from elsewhere, increasing genetic diversity 
within that population. It also reduces variation between different populations by means of 
making the allele frequencies from the populations involved more similar over time [27, 29, 37]. 
Genetic drift is the random fluctuation of gene frequencies between generations. Since each 
generation represents a finite sample from a previous one, this allelic variation can result from a 
simple stochastic process of sampling. This phenomenon relates directly to the effective 
population size being sampled: the smaller the population is, the greater its effects will be and it 
is also more effective in isolated populations [39]. Genetic drift can increase, decrease, or 
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maintain the allele frequency in a population. Due to its random nature there is no inherent 
direction to this change. Eventually an allele is either lost (extinction) or replaces other alleles 
(fixation). The probability of extinction or fixation depends on the initial allele frequency and 
population size. Gene flow and genetic drift operate in opposition to each other. While genetic 
drift acts to make populations more differentiated, gene flow acts to make them more similar 
[27, 29]. 
The last of the evolutionary processes is natural selection. Darwin defended the survival of the 
fittest and mortality as the driving forces of evolution. The mechanisms of heredity and genetic 
variation were later added to the initial definition by Ronald Fisher in his new synthesis in 
evolution, the Genetical Theory of Natural Selection. Selection acts through differential mortality 
and fertility. It is not merely the survival of the individual but the successful reproduction and the 
transmission of the genes to the next generation in a particular environment. Fitness translates 
the genotypic reproductive success. It can act upon different biological levels including genes, 
larger sections of genetic material, organisms, populations’ species or clades and in different life 
cycle stages, in viability and mortality, sexual selection, gamete selection and fecundity. There 
are diverse forms of selection, according to its effects on allele frequencies, such as positive or 
negative selection, when it favors the increase or the decrease of allele frequency respectively. 
As to its effects on genetic diversity, purifying selection tends to remove genetic variation and 
new alleles resulting from mutational processes while balancing selection roughly acts towards 
the maintenance of diversity [26, 29].  
 
Interaction between the Forces Shaping Genetic Diversity  
 
Overall, mutation, recombination and gene flow tend to increase genetic diversity while random 
genetic drift decreases it and finally, selection can do either, and all these forces interact 
dynamically.  
As referred to above, genetic drift and gene flow operate in opposite ways, but over time these 
two forces can reach equilibrium, where differentiation among sub-populations remains 
constant. In population and evolutionary genetics this differentiation and genetic distance is 
measured by a descriptive statistic, the FST, (for fixation indices), and it compares the mean 
amount of genetic diversity due to allele frequency differences within sub-populations to that 
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found in the meta-population, in other words the correlation of randomly chosen alleles within 
the same sub-population relative to the entire population [29, 40]. FST is directly associated to 
the variance of allele frequencies among populations and the level of similarity among 
individuals within a population. Small FST values (close to zero) represent similar allele 
frequencies among sub-population and a high level of gene flow between them while a larger 
value (close to one), indicates different allele frequencies and highly differentiated sub-
populations [40]. If natural selection favors a particular allele at a particular locus in some 
populations, FST values for that locus will present a higher value than that for other loci where 
differences among the sub-populations may simply result from genetic drift [40].  
Other interacting forces include selection and mutation. The rate at which new mutations arise 
in a population is balanced by the subsequent elimination of each mutation by selection till 
equilibrium is reached [29, 37]. A similar process can happen through genetic drift, balancing 
the new variants created by mutation with those lost by drift [29]. Selection and genetic drift can 
be considered mutually exclusive since the first is systematic while the latter has a random 
nature and acts mostly on neutral alleles rather than those under strong selection pressure. 
Nevertheless, in very small sized populations, genetic drift can eventually act on genes that are 
not neutral, and the frequency of a disadvantageous allele can increase or even reach fixation 
[27, 37].           
In natural populations each of these evolutionary forces does not represent independent or 
closed processes. Instead, they might act simultaneously over time throughout generations and 
their impact can be strongly influenced by characteristics such as the effective population size, 
degree of isolation or mating strategies. All this complexity of variables will ultimately create the 
genetic portrait of a particular population.                       
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Assessing Genetic Diversity 
 
Human genetic variation results originally from mutation and recombination which is then 
shaped by selection, mating systems, drift and gene flow. This variation or genetic diversity can 
be assessed using different types of genetic markers or polymorphisms in the DNA sequences. 
A polymorphism is the existence of two or more variants of DNA sequences or alternative 
alleles at a significant frequency, usually considered of ≥ 1% in human populations [41]. 
Historically, this variation was studied using the information provided by “classical” genetic 
markers such as proteins, blood groups and enzyme polymorphisms [42]. A series of 
methodological developments, namely rapid methods of DNA extraction, the use of restriction 
enzymes that cleaved DNA at specific sequences, DNA hybridization techniques, Polymerase 
Chain Reaction (PCR) and automated DNA sequencing, made possible the transition to 
molecular markers [37, 39]. These molecular markers made available the study of human 
variation directly at the level of the genetic material, addressing the physical bases of heredity 
[42]. Simultaneously to the methodological accomplishments, the number of detectable 
polymorphisms increased exponentially. This allowed a much more detailed perspective which 
moved towards the resolution of old anthropological questions such as the evolutionary 
relationship of humans to other species, the reconstruction of human migration patterns, and the 
assessment  of historic relations between neighboring populations [43]. 
It has been more than a decade since the first global draft of the human genome was published 
[41, 44-46]. Since then, the once sketchy information on the biology and structure of the human 
genome began to emerge in an unprecedented way [47].  
DNA markers can arise from virtually anywhere within the entire genome, whether the region is 
coding, regulatory, or noncoding. It is important nevertheless, when inferences on human 
demographic history are made based on DNA sequence data, to take into account the different 
features that affect diverse genomic compartments, such as the location and inheritance mode, 
as well as the factors shaping genetic diversity, such as the effective population size (Ne), 
recombination and mutation rates  [48]. 
The human DNA is spread into 23 pairs of chromosomes, 22 pairs of autosomes and one pair of 
sex chromosomes (XX for females and XY for males). Besides this so called nuclear genome, 
there is also DNA outside the nucleus, the mitochondrial DNA (mtDNA) [43].  Each of these 
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genomic partitions has specific particularities. The usefulness of a particular polymorphism is 
profoundly associated with its origin and mutational rates and also the evolutionary process 
underlying its occurrence. Therefore, a specific type of molecular marker might provide 
deferential information and so be more or less suitable to answer particular population genetics 
or anthropological questions.    
Most of our genome is noncoding (almost 99% of the total nuclear genome), or with unknown 
regulatory function, consequently these regions are not under selective constraints and 
therefore are more prone to variation. Molecular markers occurring in these parts of the genome 
are considered to be neutral and are most commonly used when demographic human history is 
surveyed, since they essentially reveal population level effects such as migration, admixture, 
drift and expansions [42, 43, 48, 49].  
Although many other different kinds of molecular markers exist, in the context  of this work, only 
Single Nucleotide Polymorphisms (SNPs), Short Tandem Repeats (STRs) and Insertion 
deletion polymorphisms (INDELs) will be considered. 
DNA Genetic Markers 
 
The most widespread types of sequence polymorphisms are the single nucleotide substitutions 
known as SNPs (Single Nucleotide Polymorphisms). Most of the SNPs have just two 
alternative alleles (ancestral and mutant) in the DNA sequence and they represent rather rare 
mutational events, occurring at very low rates, ~2.5x10-8 [50] in the human history. SNPs can 
appear throughout the nuclear and mitochondrial genomes in coding and noncoding or 
regulatory regions. Depending on the phenotypic effect, they can be classified as synonymous 
or non-synonymous, if the alleles encode the same or different products respectively, and silent 
or neutral if the SNP is located outside a coding region [51]. Although with very low rates, these 
are very common variants with an average of one SNP in each ~1,000 nucleotides between two 
randomly chosen chromosomes of a population [52]. If the minor allele frequency is more than 
5% in a population, then it is considered “common SNP”; if the minor allele frequency is 
between 1% and 5%, then it is designated a “rare SNP”. The majority of heterozygous SNPs 
found in a particular individual are relatively common, while  there are a far greater number of 
rare SNPs found at a population level [51, 52].  
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The first SNPs were detected with restriction enzymes (and were called RFLPs for restriction 
fragment length polymorphisms). With the development of genotyping techniques with high-
throughput DNA sequencing technologies, such as microarrays that can assign thousands of 
SNPs simultaneously, the current number of known SNPs has increased remarkably. The 
dbSNP, a SNP database at NCBI, reports more than 97 million validated SNPs in the present 
Build 144. 
The low mutation rate showed by SNPs translates a very low probability that they might occur 
recurrently during the evolution of modern humans, consequently individuals sharing the same 
SNP can be assumed to share a common ancestry, with alleles being identical by descent [43] 
rather than identical by state. As a result, these are the most appropriate markers in 
phylogenetic studies and migration patterns [53-57]; in population structure analysis [58-60]. 
They are also important in forensic studies when analyzing highly degraded samples, since they 
can be assessed using short PCR amplicons [61]; and also in relationship estimates [62].  
Other prevailing genetic markers for population genetic analysis are the Short Tandem Repeat 
loci (STRs) or Short sequence repeats (SSRs), also known as microsatellites. Microsatellite 
DNA regions are a type of polymorphic variations in length due to a different number of short 
tandemly repeated units, usually of 2 to 6 base pairs [51, 52, 63]. These regions are scattered 
throughout the nuclear genome and can be found in exons, introns, regulatory regions as well 
as non-functional DNA sequences [51, 64].  
STRs used as genetic markers are usually located in non-coding DNA, either in introns or 
intergenic sequences and therefore, assumed to evolve neutrally [65]. Contrarily to SNPs, which 
normally only have two alleles per locus, STRs are extremely polymorphic, with multiple alleles, 
often up to 20 or more at a particular microsatellite locus, and are also characterized by high 
levels of heterozygosity at a population level. These features make these sort of markers very 
useful for the discrimination between individuals at very close levels. Also, like SNPs, multiple 
microsatellite loci can be typed at the same time in a single PCR reaction, making these 
markers prone to multiplexing and automation and therefore particularly suitable for genome 
mapping, population genetic studies and forensic genetics [42, 51, 61, 64-66]. Although STRs 
mutation rates are not uniform among loci or among alleles, overall they are much higher than 
those observed for SNPs, ranging from 10-2 to 10-6 nucleotides per locus per generation [65, 
67].  
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Microsatellites are assumed to primarily mutate by a mechanism of strand slippage during DNA 
replication, with the insertion or deletion of repeat units relative to the template strand. Even 
though a mismatch repair system exists for the correction of errors that may arise during DNA 
replication or recombination, such as an incorrect base or a small insertion–deletion loops 
incorporated into the new strand, a small fraction of these errors might not be repaired, ending 
up as microsatellite mutation events [63, 65].   
While the fast mutation rate of microsatellites constitutes a major specificity for their broad use, 
on the other hand, the modeling of the mutational mechanism underlying its great genetic 
diversity may confound genetic inference and predictions [63]. Mutational models are used to 
extrapolate from the observed heterozygosity, the expected number of alleles in a population 
and also in the statistical analyses of genetic variation. Theoretical models such as the Infinite 
Allele Model or the Infinite Sites Model assume that each mutation randomly creates a new 
unique allele, and mutation at a given locus is expected to occur only once [63, 64].  
While SNPs can be analyzed using these models, in STRs, because new alleles do not arise 
independently of the previous ones, these models are instead replaced by a more appropriate 
theoretical explanation for their evolutionary dynamics, the Stepwise Mutation Model  [63, 65]. 
This model states that each mutational event results in a gain or a loss of a repeat unit. This 
suggests that (excluding homoplasies) two alleles differing by only one repeat motif are more 
closely related or share a more recent common ancestor than those diverging by numerous 
repeats  [64]. Since microsatellite mutation rates vary across and within loci, the behavior of a 
particular locus might be better explained within a range from the Infinite Allele Model to the 
Stepwise Mutation Model, and thus all nuances affecting the mutation rate should be considered 
when genetic inferences are made based on these kind of data [59, 63, 68].  
The last category of genetic markers assigned here are a length polymorphism created by the 
insertion or deletion (INDELs) of one or more nucleotides in the DNA sequence. These 
variants are ubiquitous in genomes and occur almost as frequently and with similar variation as 
SNPs, but with a multiplicity of sizes ranging from single base through much larger Indels. Some 
of them can have just two alleles (diallelic) while others might show multiple alleles (multiallelic) 
[69, 70]. An initial map of human INDEL variation reported 415,436 new INDELs spread 
throughout the human genome with approximately 36% of them located within the promoters, 
introns, and exons of known genes. Hence INDELs were thought to have some kind of influence 
in gene function and consequently in human traits and diseases [70, 71]. In contrast to the 
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prevalence and relative technical simplicity of SNPs, the focus on understanding the origin and 
functional effects of INDELs is a rather recent trend, probably associated with the difficulty in 
discovery and genotyping methods [72]. Over the last decades, significant advances, especially 
in next-generation sequencing technologies and computational variation analysis, have 
contributed largely to the discovery of new INDELs and their relevant contribution to genetic 
variation in humans as well as their influence on multiple human phenotypes [73].  
Since the first large-scale efforts to identify these variants [74], the number of known INDELs 
have increased dramatically. A recent survey using population scale sequencing [72], reported a 
high-quality set of 1.6 million INDELS from 179 individuals representing 3 diverse human 
populations. INDEL variation was accessed with unprecedented resolution, showing that their 
mutation rates are highly heterogeneous across the genome, and that polymerase slippage is 
the mechanism underlying this heterogeneity [72]. 
INDELs can combine advantages from both SNPs and STRs, such as their widely spread 
distribution, their origin from a single mutation event which occurs at a low frequency and with 
low probability of presenting recurrent mutations, the significant allele frequency differences 
among distinct geographical population groups, and also the aptitude for large-scale 
multiplexing and automation. These features make INDELs a particularly useful genetic marker 
for studies of human identification and ancestry informative markers (AIMs) in forensic 
genetics and in population genetic studies, especially when bio-geographical ancestry analysis 
(in other words inferences on the ancestral origin of individuals) and proportions of admixture 
are relevant [75-77].   
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Regions of the Human Genome 
 
When assaying patterns of human genetic diversity using several genetic markers, it is essential 
to have in mind the properties of the different compartments that constitute the human genome. 
The most relevant characteristics are summarized in the table below, and will be addressed in 
further detail in the next section: 
Table 1. Comparison between different genomic compartments. 
 
 
 
 
 
 
 
 
*Heterogametic; in male sons the X chromosome (PARS excepted) is of uniparental origin. 
** Values are variable according to different approaches, regions and type of genetic marker. 
Adapted from: Daniel Garrigan and Michael F. Hammer (2006) [48] and Schaffner (2004) [78]. 
 
Recombining Genome 
The Autosomes  
 
Ninety-eight per cent of the human DNA is contained within the set of 22 pairs of autosomes 
[79], and so, the vast majority of genetic variation occurs in this genomic region. Autosomal 
polymorphisms are biparentally transmitted in a typical Mendelian mode of inheritance. At 
different loci, alleles do recombine and are assorted independently of one another when they 
are transmitted down each generation. This reshuffling generates new combinations of genetic 
material, as a result, they are not limited to either the paternal or the maternal side (as 
uniparental markers are), but rather can provide information about both parents’ ancestries.   
 Genomic compartment 
 Recombining Genome Non-Recombing Genome 
Feature Autosomes X chromosome Y chromosome mtDNA 
Location Nuclear Nuclear Nuclear Cytoplasmic 
Inheritance Biparental Biparental* Uniparental Uniparental 
Ploidy Diploid Haploid♂ Diploid♀ Haploid Haploid 
Relative Ne 4 3 1 1 
Diversity High Moderate Low Very High 
Mutation rate** Moderate Low High Very High 
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[43]. Thus, studying this biparentally inherited genome may have some advantages or 
disadvantages depending on the specific research question under consideration. Uniparental 
markers have been extensively used in the reconstruction of human evolutionary history and 
phylogenies [53], since they reflect a rather simple picture of the maternal and paternal 
genealogical past. In autosomes, as well as in the X chromosome, lineages are broken due to 
reshuffling in every generation, (with the exception of haplotype-block structures of the genome 
corresponding to regions of strong Linkage Disequilibrium - LD), which separates many different 
genealogical trees into different locations of the genome. On the other hand, the recombining 
genome can provide powerful data since it translates multiple genetic histories [80].  
Information contained in autosomes can be considered overall to be neutral and unbiased when 
many independently inherited loci are being studied, since even if natural selection may be 
acting on particular loci, it is improbable that it acts in the same way in every loci.  
Recombination can also break down patterns of linkage disequilibrium and the study of these 
patterns and signals of decay may be used in the estimation of timings of admixture past events 
[79]. Autosomal loci are maintained in two copies in both males and females. As a result, when 
equal numbers of males and females are breeding, the effective population size (Ne) of the 
autosomes is the largest (4) compared to the X chromosomes (3), NRY (1) and mtDNA (1). So it 
is expected that this genomic region will show a deeper ancestry than the haploid systems, as 
for a neutrally evolving locus the expected Time of Most Recent Common Ancestor (TMRCA) is 
a function of the (Ne). Fluctuations  in (Ne) together with studies of LD, are making the 
autosomes a precious tool for evolutionary inferences, particularly regarding periods of time in 
which no information is available from uniparental markers [48].  
Autosomal diversity is also geographically structured, which makes this kind of data prone to the 
use of clustering algorithms, like STRUCTURE [81, 82]. This software uses multilocus 
genotypes to infer the structure of each population and to estimate admixture proportions, 
dividing global sample sets into continental clusters that reflect their origins, with no prior 
geographical or population affinity information [79] and has been used in several studies 
concerning Jewish populations [83-88].  
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The X Chromosome 
 
The X chromosome is one of the two sex chromosomes (X and Y) in humans, which diverged 
from a pair of autosomes around 300 million years ago. Accumulated structural and functional 
variations changed them eventually into two different chromosomes. Successive 
rearrangements and mutation events, particularly on the Y chromosome, led to a progressive 
loss in recombination between the two homologous, despite their common autosomal origin, 
reducing the recombination process to the two small pseudoautosomal regions of the Y 
chromosome [78, 89]. Owing to different evolutionary paths, the X chromosome is present in 
two copies in females and just one copy in males and both sexes can transmit it (males only 
pass down their X chromosome to the daughters). This differential inheritance mode results in 
an unequal X-chromosome dosage between the XX female and XY male. Thus, a dosage 
compensation mechanism in which one of the two X chromosomes is inactivated in the female 
takes place [90]. Future remarks considering the X chromosome in the present work will 
designate the X-specific region that does not recombine with the Y chromosome.  
Besides the differences in inheritance and ploidy, other specific characteristics make the X 
chromosome an increasingly popular genetic tool for population studies. For every three X 
chromosomes, only two of them recombine in a generation, thus mutations tend to be less 
frequent on the X chromosome than on autosomes because the nucleotide mutation rate in 
females is lower than in males. Since only 2/3 of X chromosomes recombine in each 
generation, the recombination rate for the X chromosome is practically two-thirds of the genome 
average. As a result, expected linkage disequilibrium is greater on the X chromosome and so 
regions with a single genetic history are expected to be larger than that of the autosomes. 
Considering the (Ne), the genetic diversity tends to be lower than in autosomes, as well as being 
a system which is more prone to the effects of genetic drift, more exposed to natural selection 
and population structure [78].   
Due to all the above-mentioned features, the X chromosome is an ideal tool for understanding 
historical differences between males and females and the influence of natural selection [91],  as 
well as differences in mutation rate and recombination patterns [92]. It detects sex biases on 
different timescales [93], sex specific behaviors, and in particular differences in migration rates 
between men and women [94]. It has also recently become a useful tool in forensic genetics for 
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Identity and Kinship testing [95, 96] and in population genetic history studies including ethnic 
groups such as the Roma [97, 98] and language isolates [99].  
 
Non-Recombining Genome 
The Y Chromosome 
 
The Y chromosome comprises the biggest non-recombining block in the human genome and is 
also one of the most informative haplotyping systems used in a number of studies such as 
evolutionary population surveys, forensics, medical genetics, and genealogical reconstruction 
[53].  
Like the X chromosome, the Y chromosome evolved from a pair of autosomes. In a first 
evolutionary step, it probably acquired a male-determining gene such as SRY followed by a 
progressive recombination suppression between the proto-sex chromosomes [100, 101]. The 
limitation in recombination between the emerging proto-X and proto-Y chromosomes was most 
likely the result of selection favoring genetic linkage between sexually antagonistic mutations 
(which are beneficial to one sex, but detrimental to the other), and the sex-determining region. 
In multiple successive steps, particular regions stopped the recombination process at distinct 
time points known as evolutionary strata. The oldest stratum in humans, which contains the 
SRY, dates from over 240 million years ago [100]. Consolidation of Y-haplotype linkage resulted 
from large scale inversions that disrupted alignment, and thus recombination, between 
increasingly larger regions of the X and Y chromosomes. Over the evolutionary timeframe, the 
mammalian X and Y started to diverge, with remarkably little structural changes in the X 
chromosome, whereas the Y rapidly began to degenerate [101].  
The Y chromosome was thought to be a “genetic wasteland”, due to its degeneration by means 
of deletions and loss of gene function compared to the X chromosome [54]. The complete 
sequencing of the Non-Recombining region of Y chromosome [102] (NRY, also known as NRPY 
and MSY), changed this perspective significantly. Flanking the NRY are two small homolog 
regions, (PARs) that recombine during meiosis with the X chromosome corresponding to the 
pseudoautosomal regions. Further considerations regarding the Y chromosome in this work will 
denote exclusively the non-recombining portion. The NRY includes several blocks of 
heterochromatic sequence, and euchromatic regions that are comprise of the X-transposed 
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(containing only 2 genes), the X degenerate (with highly conservative genes), and the 
ampliconic sequences (arranged in palindrome structures, highly repetitive, with 9 gene families 
functionally specialized with testis-specific expression patterns) [102].  
The lack of recombination and gene decay of the NRY with associated accumulation of 
deleterious mutations and a lower rate of adaptation compared to the X-linked genes, 
contributed largely to the idea that the Y chromosome was doomed to an eventual extinction 
[54, 100, 101, 103]. Recent studies however, have changed this perspective, providing new 
insights into evolutionary mechanisms, such as strong purifying selection and abundant gene 
conversion at palindromic sequences, which eventually justify its long-term survival [104-106]. 
Assuming a 1:1 sex ratio in a population, the (Ne) of the Y chromosome is ¼ of that of any 
autosome, one-third of that of the X chromosome and equal to that of mtDNA. Supposing that 
the same mutation processes act on all chromosomes, the diversity on the Y chromosome is 
thus expected to be lower than any other genomic region and also more susceptible to genetic 
drift [107]. This could result from neutral processes if the effective population size of males is 
reduced relative to females, but models of purifying selection and background selection have 
also been suggested to justify this low diversity [108].  
If non-recombination could be evolutionarily interpreted as a weakness, in population genetic 
studies it surely can be regarded as an advantage. The Y chromosome (NRY) has a male-
limited transmission and is inherited as a single block, so the mutations observed result 
exclusively from intra-allelic processes. Therefore, the haploid Y offers a proxy for studying 
stable male lineages throughout long time scales without the complexity due to reshuffling of the 
diploid systems [107]. By convention, Y chromosomes identified by SNPs are labeled to 
haplogroups and those defined by STRs are known as haplotypes. Data combining both SNPs 
and Y-STRs markers define lineages [53, 109]. The enormous amount of new polymorphisms 
defined in recent years has allowed the construction of a robust phylogenetic tree of human Y 
chromosomes that is constantly being updated [55, 110-113].  
Due to its specific male inheritance and its particular haplogroup patterns with geographical 
distribution (Figure 2), the Y chromosome has been widely used to answer historical and 
anthropological questions regarding the Jewish people. Aspects such as their geographical 
origin, particular lineages such as the Cohanim or the Levites [114-117], relations between 
different ethnic groups such as Ashkenazim and Sephardim, as well as to non-Jewish host 
populations [118-123], in addition to medical issues, have been addressed lengthily [124, 125].      
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Figure 2. World distribution of the major human Y chromosome haplogroups. (adapted from 
http://www.familytreedna.com).  
 
Mitochondrial DNA 
 
Mitochondrial DNA is a circular, double-stranded molecule with a 16 569 base pair length, 
located outside the nucleus in the mitochondrion, a highly specialized organelle focused on the 
production of cellular energy through oxidative phosphorylation. The strands are classified by 
their nucleotide composition as heavy (H-strand – guanine rich), and as light strand (L-strand - 
cytosine-rich). Each cell contains several mitochondrion each one of them with many copies of 
mitochondrial genomes (from 100 to 10,000 copies per cell). The mitochondrial genome is 
comprised of two distinct regions, namely the coding and the non-coding regions. The coding 
region represents the majority of the human mtDNA and includes several genes,13 of which are 
essential components of the respiratory chain, 2 encoding ribosomal RNA (12S and 16S), and 
22 transfer RNA (tRNA) genes spread between the protein-encoding genes [126, 127].  
The non-coding region is a fragment of 1.1-kb length also known as D-loop, or control region, 
which is involved in the regulation of transcription and replication of the molecule. The D-loop 
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ranges from positions 16024 to 576 and comprehends the largest portion not directly associated 
with the synthesis of respiratory chain polypeptides or RNA [126, 127]. 
Similar to its uniparental male counterpart (NRY), the prevailing theory suggests that the mtDNA 
has an exclusive maternal inheritance pattern with no recombination [128] (a single case of 
paternal transmission in humans has been reported so far [129]). So, as it occurs with the NRY 
in the male-line, mtDNA is transmitted exclusively from the mother to the offspring unaltered, 
except for mutational events. This allows the definition of stable female related lineages back 
through time, tracing the maternal ancestry of a population. Similarly to the Y chromosome, 
mtDNA effective population size is ¼ relative to autosomes, and because of this lower effective 
size, mtDNA is more sensitive to demographic events such as bottlenecks, genetic drift and 
founder events.  
Unlike nuclear DNA, mtDNA replication is not synchronized with the cell cycle and is constantly 
recycled. Each individual contain many copies of mtDNA and in theory their sequences are 
identical, a situation known as homoplasmy. However, as a result of inefficient mtDNA repair 
and a localized oxidative environment, as well as an increased replication, mtDNA mutations 
are very frequent. Mutations often co-exist with their wild-type counterpart, designated as 
heteroplasmy, in various proportions among different cell lineages. The processes underlying 
the transmission of the mutant mtDNA are not completely understood, but they comprehend a 
core of evolutionarily conserved mechanisms such as bottlenecks during germ cell development 
and strong purifying selection against specific mtDNA mutation types during maternal 
transmission [130]. The proportion of mutant variants has important consequences in 
understanding mitochondrial disease and evolution [131-133].  
The mutation rate of mtDNA is known to have a much higher magnitude than the mutation rate 
in nuclear genes. However, the rates at which mutations occur or get fixed in mitochondria are 
not uniformly high along the molecule and its different functional domains. It is higher in the non-
coding control region than in the coding region [131, 134]. Heterogeneous rates among sites 
associated with germ line and somatic heteroplasmies as well as the time dependence of the 
substitution rate, have made accurate estimates of human mtDNA mutation rate a tough 
challenge. Values are variable according to different approaches which can include pedigree, 
phylogenetic, phylogeographic and ancient DNA data, and also to the portion of mtDNA used, 
such as the whole molecule, the coding region, D-loop or smaller specific segments (for a 
review see Toomas Kivisild (2015)) [134].  
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The variability of mutation rates among different nucleotide positions and the identification of 
mutational hotspots can contribute significantly to distinguish if mtDNA molecules share 
nucleotides by descent or by state and thus allow a robust estimation of the mtDNA phylogeny 
[135].  
Evolutionarily, common inherited mtDNA mutations, generally defined by SNPs, have created 
stable population subgroups defined by specific sequence variants known as haplogroups. 
These common, inherited, mtDNA variants are usually not heteroplasmic, and due to their 
selection neutrality have become fixed in the population. Variants found in a particular 
population are compared to the revised Cambridge Reference Sequence (rCRS) [136], a human 
mitochondrial complete genome sequenced from an European individual [137].  
Since the first report of a complete mtDNA sequence, the number of available complete 
mitochondrial genomes has remarkably increased. These data allowed the construction of an 
updated comprehensive phylogenetic tree of global human mitochondrial DNA variation based 
on both coding and control region mutations [138]. rCRS is the reference for this phylogenetic 
tree. A more recent study suggested that an ancestral rather than a modern mitogenome from 
Europe, should serve as the center of the human mtDNA reference system, the Reconstructed 
Sapiens Reference Sequence (RSRS). In this  phylogenetic tree, mtDNA mutations could be 
reported relative to their ancestral instead of to a derived status [139].  
The special features of mtDNA, that is to say, the maternal inheritance, its high copy number, 
lack of recombination, and high mutation rate along with a specific pattern of geographical 
distribution of lineages (Figure 3), have made it the molecule of choice for studies of human 
population history and evolution. Among these studies, many have been focused on Jewish 
origins of maternal lineages, including Sephardim and Ashkenazim, as well on relations 
between Jewish and non-Jewish host populations [140-149].  
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Figure 3. World distribution of the major human mitochondrial DNA haplogroups. (adapted from 
http://www.familytreedna.com). 
 
From Genetic Variation to Population History  
 
Till very recently, when the history of a particular population was the focus of an investigation, 
the mathematical relationships underlying its genetic microevolution were far from being simply 
approached [27]. The usefulness of genetic markers for the analysis of anthropological 
questions of populational relationships in terms of geography and history has been evident 
since Cavalli-Sforza`s landmark work [150]. From a population genetics’ perspective, history 
can be surveyed by looking at the record of genetic diversity. Very often, events in the past such 
as the migrations, population expansions and colonization occurring in the last few thousand 
years leave their signature in the genome [79]. Thus, the structure and history of populations 
can be accessed by interpreting genetic diversity in terms of the evolutionary forces that shaped 
their current genetic portrait. Cultural, linguistic, ethnic or religious differences between human 
groups, often studied in terms of culture contact, can also impact rates of gene flow and 
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fluctuations in population size due to ecological and demographic changes and might also affect 
levels of genetic drift [27]. 
Inferences about human history based on the information provided by genetic data relied initially 
on allele frequencies concluded directly from phenotypes. More recently, with the direct access 
to molecular DNA, genetic inferences rely on three main pathways: analysis of gene trees, 
analysis of summary statistics and coalescent-based analysis [29, 48].  
The analysis of gene trees was primarily implemented for the non-recombining regions of the 
genome such as the NRY and mtDNA. Combining information about the ancestral/descendant 
relationships in the haplotype tree with the frequency and distribution of haplotypes in a sample 
of sequences, qualitative inferences can be made such as the place of the most recent common 
ancestor (PMRCA), for a particular genomic region, as well as the migration routes of derived 
haplotypes. Based on the assumptions of the molecular clock, in which the number of 
nucleotide mutations splitting two sequences is a linear function of time, the time to the most 
recent common ancestor (TMRCA) can also be inferred [29, 48]. 
A statistical summary approach does not embrace all the information contained in DNA 
sequence data although it allows comparisons between loci and populations. This approach can 
compare the observed values of the genetic data with that expected under a particular 
population genetics model. The expected values of many summary statistics are made under 
the standard Neutral Model which assumes a population in equilibrium. Summary statistics can 
obtain particular information from different aspects of DNA polymorphism data such as the 
estimated rates of recombination, gene flow, or be used to comprehend potential changes in 
effective population size. Interpreting summary statistics nevertheless should have in account 
that different evolutionary processes might result in identical values for one or more statistics 
[29, 48].  
Coalescent-based methods require intense computational simulations to estimate statistical 
confidence compensating the drawbacks of summary statistic methods such as uncertainty of 
mutation rates and generation times and ambiguity about the demographic history of a 
population. This approach focuses on the coalescence of observed haplotypes in ancestral 
generations, from the present to the past, of only those chromosomes that appear in a sample, 
and so it is tremendously effective for simulating DNA sequence polymorphism data sets. 
However, a problem with model based methods is the bias due to incorrect specifications that 
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can affect the accuracy of the estimations and it is still difficult to include all complexities 
inherent to a real population within such models  [29, 48]. 
Jewish populations have a myriad of specificities in their history. This includes a supposed 
common origin, a common religious and cultural identity background, besides the complexity 
behind the constant population movements with major Diasporas. All these particularities make 
the Jewish population a fascinating subject for population genetic studies, as mentioned above. 
Inferences on the levels and sex-biased admixture with host populations, founder effects along 
the Diaspora, gene flow directions and effects of genetic drift have been studied in these 
populations. While the analysis of their genetic variation can contribute greatly to the 
reconstruction of their history, inferences from genetic data also should be made with caution 
since all the complexity of the demographic and evolutionary processes acting to shape their 
extant genetic portrait is still a challenge, which needs to be accounted for. 
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Aims 
 
The main goal of this thesis was to contribute to the construction of a reference model for the 
history of Jewish communities of Portuguese origin, in which genetic and classical historical 
data interplay dynamically, in order to obtain insights into the ways the cultural bind 
(ethnicity/religion) is linked to biological kinship.   
Special attention was primarily devoted to an extended characterization of the current genetic 
portrait of the Portuguese Jews, representatives of the original Sephardic group. Here the 
paternal and maternal lineages as well as autosomal and X chromosome linked markers were 
described. Uniparental markers analysis was then drawn out to the Diaspora groups available, 
such as those from Brazil and São Tome e Principe. As populations with complex demographic 
histories, a focus on the evolutionary processes underlying their actual genetic pools such as 
levels of admixture, gene flow or genetic drift, were assessed in order to amplify our knowledge 
of the far less studied Sephardic Jewish communities.   
 
To achieve these main goals, specific questions were assigned, namely:  
 
a) Were these communities at the time of the expelling decrees genetically distinct?  
 
b) To what extent have the communities that stayed in Portugal kept not only their cultural 
identity, but also their genetic make-up?  
 
c) Has the cultural isolation implied the impoverishment of genetic diversity?  
 
d) Is the migrant communities' genetic profile consistent with a foundation by Iberian Jews 
or does it reveal the incorporation of other contributions? 
 
e) Do the Diaspora communities show the same pattern or is it different, namely in terms of     
gender, as it is classical in colonial environments?  
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Table S2 – (Continued) 
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Table S2 – (Continued) 
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Letter: 
Nogueiro, I., Teixeira, J., Amorim, A., Gusmão, L., & Alvarez, L. (2014). 
Reply to letter from Felice L. Bedford and Doron Yacobi. European 
Journal of Human Genetics. 
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Research article: 
Nogueiro, I., Teixeira, J. C., Amorim, A., Gusmão, L., & Alvarez, L. 
(2015). Portuguese crypto-Jews: the genetic heritage of a complex 
history. Frontiers in genetics, 6. 
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Extended Abstract: 
Nogueiro, I., Neto, C., Marques, S. L., Alves, C., Cohen-Addad, N., 
Amorim, A., and Alvarez, L. (2015). Exploring Sephardic lineages in 
São Tomé e Príncipe. Forensic Science International: Genetics 
Supplement Series. 
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Research article: 
Inês Nogueiro, Célia Neto, Sofia L. Marques, António Amorim, Leonor 
Gusmão, Luis Alvarez (2015). Unveiling the Sephardic Portuguese 
genetic legacy from autosomal and X chromosome STRs markers         
(Submitted) 
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Uniparental lineages of the Jewish Diaspora populations` in Brazil 
 
Introduction 
 
The history of the Jews in Brazil can be considered a unique case, since the Jews have lived 
there throughout the very beginning of the country, contributing substantially to its economic and 
social development [151]. As it was previously mention under the topic “Jewish Diaspora in 
Brazil” of this thesis, Jewish history in Brazil comprehends several distinct phases, with periods 
of great expansion and prosperity alternating with periods of anti-Judaic discrimination. As a 
result, similarly to what happened in Portugal, the phenomenon of Crypto-Judaism resurfaced in 
Brazil in the 20th-21st centuries, particularly in the Northeast Brazil, where some are claiming an 
unconditional return to Judaism due to the awareness of their Jewish ancestry [24, 25]. It is 
important to note that the Brazilian New-Christians or Crypto-Jews have nevertheless, original 
features that distinguish them clearly from the New-Christians who migrated to the more uniform 
and segregating societies of Europe: the extensive admixture with the native population, 
creating deep roots in the new land and a full integration among the social and political 
organization as well as the development of a diversity of attitudes and behaviors tremendously 
different from their original background  [23, 24]. 
As an extremely heterogeneous population that gathers Amerindian, African and European 
ancestries, the Brazilians have been deeply scrutinized for their maternal [152-158] and paternal 
[159-165] genetic lineages. In these studies, both African and European contributions for the 
present Brazilian genetic pool are addressed. Nevertheless, with the exception of very few 
research papers, two of them concerning the phylogeography of Brazilian Y-chromosome 
lineages [162, 163] and a recent one focused on Laron syndrome (a genetic disorder caused by 
mutations in the growth hormone receptor gene [166]), no systematic study has yet been 
accomplished on the Brazilian Diaspora Jewish population. Thus the present study constitutes a 
first draft of the uniparental lineages of the Brazilian Jews, particularly of those with Iberian 
ancestry. In the following, a total of 37 individuals from the Jewish communities of Rio de 
Janeiro, Recife and Natal were analyzed (Figure 4). The fundamental aims of this work are the 
clarification as to what extent they kept not only their cultural identity, but also their genetic 
make-up; if the cultural isolation has implied the impoverishment of their genetic diversity and if 
their genetic profile reveals the incorporation of host population contributions. In this study, we 
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begin reporting the first answers to these questions for the male and female gene pool using Y-
chromosome SNP markers and sequencing the complete control region of the mtDNA. 
 
 
 
 
 
 
 
 
 
Figure 4. Geographic location of the sampling area in the Brazilian context. 
 
Material and Methods  
Sample collection         
A total of 37 samples were collected in the Jewish community of Rio de Janeiro (N=9), Recife 
(N=7) and Natal (N=21). Religious, ethno-historical, and individual affiliation criteria were used 
to select DNA samples. Personal inquiries were made to each individual, to confirm their Jewish 
ancestry and all samples were taken under informed consent. The study was approved by the 
Ethics Committee of Hospital Universitário Pedro Ernesto/UERJ (N 923.816).   
DNA analysis 
Y Chromosome 
Twenty Y chromosome binary markers were determined (12f2a, 92R7, M9, M13, M17, M18, 
M26, Tat, M62, M70, M78, M81, M123, M170, M172, M173, M201, M213, P25 and SRY1532) 
by SNaPshot technique using 4 multiplex assays [167, 168]. Furthermore, the M269 Y-SNP was 
typed by RFLP technique [169]. For those Y chromosomes carrying the M213 ancestral status 
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(therefore excluded from macro-haplogroup F) the DE haplogroup clade was tested through the 
analysis of M1 (YAP) indel polymorphism, screened by a single PCR reaction with direct 
visualization in a polyacrylamide gel [170]. The samples with a M269 derived status were also 
analyzed for 7 additional downstream Y-SNPs (L23, M153, M167, M529, S116, U106 and 
U152) (Resque et al., personal communication), using a SNaPshot method according to the 
manufacturers’ recommendations (Applied Biosystems).  
mtDNA 
A 3348 bp fragment containing the entire mtDNA-CR was amplified in two overlapping 
fragments (14898-151/16488-1677) by polymerase chain reaction (PCR), using mtDNA specific 
primers [171].  
Data Analysis  
Haplogroup frequencies were calculated through direct counting. Standard diversity indices 
were estimated using ARLEQUIN v3.5.1.2 software [172]. Y-Chromosomal Haplogroup 
nomenclature is according to van Oven et al. (2014) [112]. Mitochondrial haplogroups were 
assigned using Haplogrep [173] and EMMA [174] software, following the updated mtDNA 
phylogeny, PhyloTree, mtDNA tree Build 16 [138]. 
 
Results and discussion 
 
Y Chromosome 
  
The 29 SNPs typed in this work allowed for the discrimination of 10 different haplogroups 
represented in Figure 5, along with the corresponding frequencies for each of the three Jewish 
communities. In the total sample of the Brazilian Jews, haplogroups R1b1a – S116*, J2 – M172 
and G – M201 are the most frequent lineages, adding up to 62.5% (Figure 6). The remaining 
seven haplogroups occur with much lower frequency, in most cases representing only one 
individual. Overall, Y chromosome haplogroup composition is quite similar to that previously 
reported for Brazilian populations [162, 163, 175].  
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Figure 5. Phylogenetic tree of all the haplogroups tested and corresponding absolute 
frequencies for the communities of Natal (NA), Rio de Janeiro (RJ) and Recife (RE). 
Haplogroups detected in this work are highlighted in bold. 
 
 
 
 
 
 
 
 
 
Figure 6. Y chromosome haplogroup composition and corresponding relative frequencies for 
the total sample of the Brazilian Jewish communities. 
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Regarding R-M269*, the Iberian P312 (S116), is the most frequent (25%) sub-lineage found 
among the Brazilian Jewish sample, in accordance to what was previously found for the 
Portuguese population, including the Portuguese Jews (Marques et al, personal 
communication), and also for the general Brazilian populations (Resque et al., personal 
communication). Haplogroups J2 – M172 and G – M201, also appear with similar frequencies 
among other populations in Brazil [175]. These two lineages were also detected in Iberian Jews 
with high frequencies [176]. 
The autochthonous Native American Q1a3a* (with all its sub lineages Q1a3a1, Q1a3a2, 
Q1a3a3 and Q1a3a4) was absent in the Jewish sample as well as lineages with sub-Saharan 
origin. 
Analyses at the intra-population level revealed a relatively high value for the expected 
heterozygosity (0.8804 ± 0.0387) compared to the value previously reported for the general 
population of Rio de Janeiro (0.7195 ± 0.0413) [165]. However, in this study, the sub-lineages of 
the R-M269 clade were not discriminated. In fact, in a larger sample including all five 
geopolitical regions of Brazil, where the same level of resolution such as that of the present 
work was used, a similar, although slightly lower, mean value of expected heterozygosity 
(0.8463±0.00521) was found (Resque et al., personal communication). Indeed, when haplotype 
diversities were re-calculated pooling R1b1a-M269 sub-lineages, a significantly lower value of 
haplogroup diversity was observed in the Jewish sample (0.7754 ± 0.0633). 
 
Mitochondrial DNA 
 
With the analysis of 37 complete Control Region (CR) sequences it was possible to identify 17 
different mitochondrial haplotypes. Detailed information on haplotype composition is available 
on Table 2. These 37 samples allowed the definition of 10 different main haplogroups. 
Respective relative frequencies are shown in Figure 7. 
In general, haplogroup frequencies found in the Jewish sample, are in accordance with what is 
expected for a typical admixed Brazilian population, namely due to the frequency values 
obtained for the major Amerindian haplogroups (A= 11%; B=19%; C=14% and D=3%), sub-
Saharan Africa (L=19%) and European (H=16%; HV0=5%; U5=3% and V=3%).    
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Table 2. Detailed information of haplogroup and haplotype composition of the Brazilian Jewish 
community: Rio de Janeiro (RJ), Natal (Na) and Recife (RE). 
 
 
Regarding the European (H, HV0, U5 and V), the Middle East (T2) and the North African (X1) 
lineages that could reflect putative Jewish ancestry, a search for similar Control Region 
haplotypes was performed in the EMPOP database (http://empop.org/). Matches were obtained 
for HV0 and T2 lineages with samples from Zamora (Spain) and Morocco, both places with a 
well-documented Jewish history.  
Diversity measures estimated from the analysis of the mtDNA control region are in the same 
range of values calculated for other general Brazilian populations [156, 177, 178]: high levels of 
gene diversity were obtained (0.9985 ± 0.0067) for the entire Control Region, (excluding poli-C 
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regions);  the mean number of pairwise differences was (16.022523 ± 7.309300) and the 
nucleotide diversity, averaged over loci, was (0.014179 ± 0.007189).  
 
 
 
 
 
 
 
 
Figure 7. Mitochondrial DNA major haplogroup composition and corresponding relative 
frequencies for the total sample of the Brazilian Jewish communities. 
 
In conclusion, estimates of parental contribution based on mitochondrial DNA and Y-
chromosome markers in the Jewish population of Brazil can be summarized in the following 
Table 3:  
Parental contribution (%) 
 European African Middle East Amerindian Others 
  Sub-Saharan North    
mtDNA 27 18.9 2.7 2.7 45.9 2.7 
Y Cr 45.8 0 12.5 37.5 0 4.2 
 
Table 3. Estimates of parental contribution based on mtDNA and Y-chromosome (Y Cr) 
markers in the Brazilian Jews. 
The sex-biased pattern observed for the present population, where a strong Sub-Saharan 
African and Amerindian female contribution contrasts with the European plus Middle Eastern 
and North African male input, reflects the disproportionate excess of male migrants, along with a 
strong introgression of Amerindian and African females into the Jewish communities. However, 
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this particular pattern has also been detected in other Brazilian groups other than Jews, e.g. 
[179], and is the outcome of the complex demographic movements of migration and colonization 
events that took place since the 16th century.  
Enlarging the Jewish sample as well as further analysis using different genetic polymorphisms, 
such as autosomes and X chromosome linked markers and also fast evolving Y chromosome 
STRs, would surely contribute for a deeper knowledge of the Jewish population of Brazil and its 
relation to the Iberian communities. 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
CHAPTER V. DISCUSSION 
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This thesis focused on the characterization of the genetic pool of the Portuguese Crypto-Jewish 
descendants, representatives of the original Sephardic population that stayed in Portugal after 
the Expulsion Edit in 1496. Besides this, Sephardic Jewish communities of Brazil as well as 
presumed Jewish descendants from São Tomé islands were also surveyed.  
Overall, the results obtained during this thesis allowed to reach the following main conclusions: 
 The newly complete mtDNA genomes obtained, allowed the definition of five putative 
Sephardic founding lineages, namely HV0b, N1, T2b11, T2e and U2e. HV0b lineage 
shares a common private variant 8520A>G with Belmonte Jews, moreover, the NE 
Portuguese Jewish samples cluster together, sharing a more recent variant not 
previously described, 10644G>A, which seems to have arisen locally. 
Lineage N1 is shared between the Portuguese Jews and individuals from the neighbor 
regions, Zamora (Spain) and Miranda do Douro, both places with a well-known Jewish 
past besides an Ashkenazi Jew. Lineages carrying the 150C>T transition were not found 
in available databases and thus represent what could be a specific feature of the 
Sephardic Jews from NE Portugal.  
Variant 9181A>G within the T2b11 branch seems to be regionally specific, reflecting a 
Sephardic signature, given its absence from public databases. An additional motif, 
4902A>G-8557G>A-16167C>T-16261C>T, was found exclusively among the 
Portuguese Jews. 
T2e has been described as a founding lineage in other Sephardic communities although 
it also includes Ashkenazim Jews and again samples from Zamora. The Portuguese 
Jews present two distinct variants inside T2e lineage, 13135G>A and 7133C>T, the 
latter not described until now. 
U2e1 lineages found in the Jewish population are shared with two individuals from 
Miranda do Douro and one Ashkenazi Jew. 
 NE communities, despite preserving a distinctive lineage profile, displayed diversity 
levels similar to the host population, in sharp contrast to the strong founder effect found 
in the only Jewish Portuguese population reported before – the community of Belmonte. 
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 The estimates of both the diversity levels and the number of female effective-population 
founders, pointed at a stable size of the studied populations, in agreement with previous 
findings for the male counterparts.  
 Signs of introgression from the host non-Jewish population were also detected.  
 The simultaneous analysis of both autosomal and heterosomal markers revealed a sex 
biased demographic history, suggesting an asymmetry between female and male 
effective population sizes in the admixture process between Jews and non-Jews, not 
reported historically. 
 High genetic diversity levels were also found both for autosomal as well as for the X-
chromosome, despite a tendency for an allelic loss observed particularly with autosomal 
markers. 
 Regarding the supposed Jewish descendants from São Tomé, despite the fact that 
almost 50% of the surnames of the participants in the study correspond to the most 
frequent surnames found in Inquisitional processes for Judaizing, a much stronger 
African ancestry component was found compared to the lower European fraction for all 
set of markers tested: the 46 Ancestry Informative Markers and 38 non-coding bi-allelic 
autosomal Indels showed 86% African and 14% European; while the lineage markers 
showed 80% African and 20% European for the Y chromosome and 95% African to 5% 
European (corresponding to a single female) for the mtDNA. Overall, no traces of Jewish 
ancestry were found in the European part of their genetic pool. 
 The Jewish communities in Brazil showed high levels of genetic diversity for both the 
female and male lineages. A strong sex-biased pattern was detected showing a 
disproportionate excess of male migrants, along with a strong introgression of native and 
african females into the Jewish communities. Native lineages were absent in the male 
gene pool, which presented lineages from the Middle East (G e J2), Europe (R1a e R1b) 
and north Africa (E1b), that could be compatible with a Jewish ancestry. On the female 
counterpart, the vast majority of lineages found were of Native American and African 
origin. Nevertheless, traces of European lineages (H, HV0, U5 e V), North Africa (X1), 
and Middle East (T2) were also found. Further studies will be needed to clarify the 
demographic evolution of these communities. A greater sample size would be desirable 
along with the analysis of the recombining genomes (autosomal and X-linked markers). 
As a whole, the results obtained during this thesis allowed a comprehensive reconstruction of 
the Sephardic Jewish history. Genetic data obtained, together with the historical available 
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information for each population was used in a multidisciplinary approach to clarify aspects of the 
complex demographic history of the Jewish Sephardic population. More Diaspora Iberian 
Jewish communities, particularly from North America and the North of Europe allied to a whole 
genome approach would surely contribute to complement what this work began to disclose.      
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